10 2-photon fluorescence microscopy has been used extensively to probe the structure and functions of 11 cells in living biological tissue. 2-photon excitation generates fluorescence from the focal plane, but also 12 from outside the focal plane, with out-of-focus fluorescence increasing as the focus is pushed deeper 13 into tissue. It has been suggested that the 2-photon depth limit, beyond which results become 14 inaccurate, is where in-and out-of-focus fluorescence are equal. We found the depth limit of 2-photon 15 excitation in mice with GCaMP6 indicator expression in all layers of visual cortex, by comparing near-16 simultaneous 2-and 3-photon excitation. 2-photon results were accurate only superficial to 450 µm, 17 matching the depth at which in-and out-of-focus fluorescence were equal. The expected depth limit is 18 deeper in tissue with fewer fluorophores outside the plane of interest. Our results, from tissue with a 19 largely homogenous distribution of fluorophores, establish a superficial bound on the 2-photon depth 20 limit in the mouse visual cortex. 21 22 29 (Ying et al., 1999; Theer et al., 2003). In a seminal study, Theer and Denk (2006) explored 2-photon 30 excitation analytically and defined the fundamental imaging depth limit by calculating the depth at 31 which the detected fluorescence generated by ballistic and scattered excitation light outside the focal (2006) suggest that the depth limit is at ~3 scattering length constants under typical imaging conditions.
INTRODUCTION
24 2-photon excitation permits fluorescence imaging with cellular and subcellular resolution hundreds of 25 micrometers into biological tissue. Generally, the maximal imaging depth (depth limit) of 2-photon 26 excitation is determined by fluorescence from outside the focal plane. As the focal plane is pushed 27 deeper into scattering tissue, illumination intensity at the tissue surface must be increased to maintain 28 intensity in the focal plane, resulting in an increase in out-of-focus fluorescence with increasing depth plane equals that from fluorophores excited in the ballistic focus. The ratio of in-and out-of-focus line acting as a shutter, we alternated 2-and 3-photon excitation, line-by-line ( figure 2B ). The line duration was 0.5 ms, resulting in 0.5 ms separation of 2-and 3-photon images.
2-and 3-photon excitation produce equivalent results from superficial depths, but the results become less similar >400 µm below the brain surface. Increasing out-of-focus fluorescence and the resulting 400 and 550 µm on average, some abruptly, compromising measurement of fluorescence changes and direction tuning.
In our experiments, we used a mouse line with GCaMP6s expression in excitatory neurons through all excitation will be adequate for characterization of functional properties such as direction tuning in 142 neurons ≤450 µm from the brain surface in nearly all GCaMP6s mouse lines. Secondly, we expect 2-and 143 3-photon results to be comparable at >450 µm in many preparations. We observed substantial mouse-144 to-mouse variability at 500-650 µm, suggesting that 2-photon excitation might be a viable tool to >450 145 µm in a small subset of our mice. In other mouse lines and tissues, 2-photon excitation at >450 µm will 146 provide more accurate functional measurements in preparations with less out-of-focus fluorescence,
147
including tissues with sparser expression of GCaMP6s and tissues labeled with indicators with low 148 resting fluorescence, such as jGCaMP7c (Dana et al., 2018) . In such tissues, there are several factors that 149 might limit 2-photon excitation. Out-of-focus fluorescence, though reduced, will still occur and may 150 equal in-focus fluorescence at a location deeper than 450 µm. Aberrations might prove limiting, 151 enabling adaptive optics to extend the depth limit (Ji et al., 2010; Ji et al., 2012) . A third possibility is 152 maintenance of image quality to a depth at which the thermal limit of brain tissue is met (Podgorski & 153 Ranganathan, 2016) .
154
In summary, we have established that 2-and 3-photon excitation are equivalent ≤~450 µm below the 155 brain surface in mice with GCaMP6s expression throughout cortical layers. Tentatively, we suggest the 156 depth limit of 2-photon excitation is 450 µm or deeper in nearly all mouse lines, since few if any mice outside the focal plane, 3-photon excitation enables measurement of cellular activity beyond the depth limit of 2-photon excitation. Photodamage is often a concern in light microscopy. Photodamage can result from linear processes, 184 principally heating (resulting from the absorption of infrared light by water in brain tissue) and from 185 non-linear processes. Non-linear processes are of particular concern with high-energy pulsed sources 186 such as those used for 2-and 3-photon fluorescence microscopy. Heating-related photodamage often 187 occurs with >250 mW of prolonged illumination at 800-1040 nm (Podgorski & Ranganathan, 2016) and mW. Typically, we could image through the depth of neocortex using <30 mW illumination while maintaining a signal-to-noise ratio comparable to typical 2-photon experiments. We rarely observed For 2-photon excitation, we used a Coherent Chameleon Ultra II laser source at 920 nm. For near- 
209
A chronic cranial window was implanted over visual cortex as described previously (Goldey et al., 210 2014; de Vries et al., 2018) . Briefly, under 0.5-2% isoflurane anesthesia, a head restraint bar was 211 attached to the skull using C & B Metabond (Parkell) and a 5 mm diameter craniotomy was opened over 212 the left visual cortex at coordinates 2.7 mm lateral, 1.3 mm anterior to lambda. A durotomy was 213 performed and the craniotomy was sealed with a stack of three #1 coverslips, attached to each other 214 using optical adhesive, and attached to the skull with Metabond.
216
Visual stimuli 217 Visual stimuli were full-field sinusoidal gratings of 6 orientations, each drifting perpendicular to its 218 orientation (12 directions), at spatial frequencies of 0.04 and 0.08 cycles per degree and a temporal 219 frequency of 1 Hz. Each grating was presented 8 times in random order, each for 2 seconds with 1 220 second of grey screen between presentations. 0 degrees corresponds to a grating drifting horizontally in displayed on an LCD monitor, 15 cm from the right eye, gamma-corrected and of mean luminance of 50 3-photon movies using regions of interest segmented from 3-photon movies.
250
To compare 2-and 3-photon measurements of responses to drifting gratings, we used two measures: 
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where, V is the out-of-focus illuminated volume of tissue, 268 2 p C is a modality-specific scaling factor incorporating contributions from fluorophore 269 concentration and excitation efficiency, and assumed to be constant over the volume.
270
We neglected possible depth dependence of fluorescence collection and detection, non-conservative 271 attenuation due to bulk absorption of near-IR light, and the time dependence of excitation by ultrashort 272 pulses that becomes a significant factor for pulse widths < ~50 fs (Theer & Denk, 2006 ; but see also 273 Leray et al., 2007) .
274
Previous models (Xu & Webb, 1996; Theer & Denk, 2006) neglected the difference in distances 275 traveled through tissue by on-axis and marginal rays. The difference in distance can be substantial for 276 high-numerical aperture objectives, but of marginal importance when the focal plane is many multiples 277 of the scattering length below the tissue surface. Here, we calculated fluorescence with the focal plane 278 1-4 scattering lengths below the tissue surface and therefore account for the dependence on 
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In our calculations,  was a fifth of the scattering length, or 40 μm, which we assume to be larger than 289 the depth of focus and therefore underestimates the magnitude of the background; wavelength was 290 900 nm; numerical aperture 0.8; and anisotropy factor 0.9.
291
To calculate ballistic and scattered light intensities, we considered a Gaussian beam propagating from 292 the surface ( 
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To calculate in-and out-of-focus fluorescence, we made three assumptions. Firstly, we assumed the 323 time-averaged fluorescence in each pixel reflects the sum of the in-focus and out-of-focus fluorescence (
). Secondly, we assumed 3-photon excitation generates no out-of-focus fluorescence so 325 that i F F  for 3-photon excitation. Thirdly, we assumed in-focus fluorescence is proportional to a 326 modality-independent concentration factor, C , with a modality-dependent proportionality constant, so 327 
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As a measure of the percentage of fluorescence that originates from the focal plane, we calculated an 330 empirical contrast ratio (ECR):
The ECR calculated in each subregion was averaged over the subregions to determine the timeaveraged ECR for a given imaging depth.
the total in-focus fluorescence, i F , according to 
